ABSTRACT: Introduction: Whereas deficits in muscle function, particularly power production, develop in old age and are risk factors for mobility impairment, a complete understanding of muscle fatigue during dynamic contractions is lacking. We tested hypotheses related to torque-producing capacity, fatigue resistance, and variability of torque production during repeated maximal contractions in healthy older, mobility-impaired older, and young women. Methods: Knee extensor fatigue (decline in torque) was measured during 4 min of dynamic contractions. Torque variability was characterized using a novel 4-component logistic regression model. Results: Young women produced more torque at baseline and during the protocol than older women (P < 0.001). Although fatigue did not differ between groups (P 5 0.53), torque variability differed by group (P 5 0.022) and was greater in older impaired compared with young women (P 5 0.010). Conclusions: These results suggest that increased torque variability may combine with baseline muscle weakness to limit function, particularly in older adults with mobility impairments.
It is well documented that neuromuscular function declines with advancing age. Although isometric strength often is used to evaluate muscular function, its static nature fails to capture the agerelated reductions in performance and power that occur with increasing contraction velocities. [1] [2] [3] [4] [5] [6] [7] Likewise, because many activities of daily living involve active muscle shortening, it is logical to include dynamic contractions in studies of agerelated losses in muscular performance. Recent work suggests that power may predict mobility impairments, such as reduced gait speed, difficulty ascending or descending stairs, and difficulty getting into and out of a chair, better than isometric strength. [8] [9] [10] More recently, a focus on the potential role of muscle fatigue, the acute loss of power as a result of contractile activity, in mobility function is emerging as an important topic of study in aging research.
A recent systematic review of the literature 11 revealed that, although healthy older adults fatigue relatively less than young adults during isometric and low-velocity contraction protocols, less is known about aging and fatigue during protocols in which power is the outcome variable. Indeed, there is new evidence that age-related fatigue resistance does not extend to high-velocity dynamic contractions. 12, 13 Coupled with low baseline power output, a propensity for greater fatigue during high-velocity contractions likely predisposes older adults to problems with physical function. This may be particularly true for older women, whose muscle weakness and risk for mobility impairment generally exceed that of men. 14, 15 Critically, maximal knee extensor power in older adults with mild-to-moderate mobility impairment is perilously close to the minimum power necessary to perform some activities of daily living. 16, 17 In addition to loss of power, the ability to produce torque consistently during a task can decline with age. 18, 19 Further, poor torque production consistency is associated with poor performance on functional tasks. 20, 21 Thus, age-related increases in voluntary torque production variability may limit the capacity of mobility-impaired older adults to perform the high-velocity contractions necessary to recover from a trip or stumble. 22 Performance variability in the context of muscle fatigue has not been examined closely in older adults, and a consistent approach to quantifying variability during fatigue is lacking. Indeed, little information about the interactions between muscle weakness, fatigue, and the reliability of muscle performance in older adults, especially those with mobility impairments, is currently available.
Therefore, the purpose of this study was to investigate muscle performance during a fatiguing bout of maximal knee extensions in groups of young, healthy older, and older mobility-impaired women. Quantification of knee extensor performance was determined as: (1) torque-generating capacity, measured both as baseline, absolute peak torque, and the sum of the peak torques from all contractions during the bout; (2) fatigue, quantified as the loss in torque at the end of the bout relative to baseline; and (3) variability of torque production, evaluated using a novel, non-linear regression model of peak torque produced during each contraction. We hypothesized that: (1) healthy and mobility-impaired older women would have progressively lower baseline and summed torques compared with young women; (2) fatigue would be similar in young and healthy older women, but greater in mobility-impaired older women; and (3) older women would exhibit greater torque variability throughout the fatigue protocol than young women, and older mobilityimpaired women would show the greatest variability.
METHODS

Study
Participants. Twenty-five communitydwelling women (21-35 or 65-85 years) were studied. Eight young and 9 older, healthy women comprised 2 of the study groups, and 8 older women with mild-to-moderate mobility impairments constituted the third group. Mobility impairment was identified using the Short Physical Performance Battery, 23 which evaluates balance, walking speed, and repeated chair rise time. Participants in the older impaired group scored between 8 and 10 on the 12-point scale, indicating the presence of mildto-moderate mobility impairment. 23 All participants were relatively sedentary (participating in less than 2 structured exercise sessions per week), otherwise healthy by self-report, and not taking any medications known to affect neuromuscular function. Orthopedic problems were selfidentified: 1 older impaired woman reported a hip replacement, and 1 reported bilateral knee osteoarthritis. In both cases, the participants' muscle fatigue and variability data placed them within 1 standard deviation of their group means. There were no knee replacements in the cohort, and no participants reported knee pain in the leg studied on the study days. All older participants provided written consent from their personal physician prior to beginning the study. All participants provided signed informed consent approved by the institutional review board at the University of Massachusetts, Amherst, and testing procedures were in accordance with the Declaration of Helsinki for the protection of human subjects. Portions of these data have been published elsewhere. 24 Physical Function. To characterize the study groups, physical function was assessed using timed performances of repeated chair rises, stair ascent, and descent. The time to complete 10 chair rises was performed using a lightly padded, straightbacked chair without armrests (seat height 5 46 cm). Participants were instructed to rise fully and sit as quickly as possible without the use of their arms. The Short Physical Performance Battery 23 includes a 5-times chair rise task, but we used the 10-times chair rise test to better distinguish the healthy older group from the young group. This decision was based on the work of Csuka and McCarty, who used 10-times repeated chair stands to assess physical function in adults ranging from 20 to 85 years of age. 25 Next, each participant was asked to perform separate timed stair ascent and descent tasks. These tasks were completed using a flight of 8 steps, and the fastest time of 2 attempts in each direction was recorded. All participants climbed 1 step at a time and kept at least 1 foot in contact with the surface at all times. To ensure safety, participants were monitored closely by study personnel during the physical function measures.
Muscle Torque Measures. Prior to baseline measurements of muscle torque, participants warmed up by pedaling lightly on a recumbent cycle ergometer (Schwinn, Nautilus, Inc., Vancouver, Washington) for 5 min, followed by light stretching of the knee flexor muscles. Next, knee extension torque measures were collected using a dynamometer (Biodex System 3; Biodex Medical, Shirley, New York). The left leg was tested in all participants except the 3 older women who reported left knee pain. The right leg of these individuals was tested instead. Participants were seated in 90 of hip flexion and 105 of knee flexion (straight leg 5 180 ), with their shoulders, hips, and ankle strapped firmly to the dynamometer. Analog recordings were obtained using LabView software (National Instruments, Austin, Texas), developed in-house for this purpose. A sampling rate of 2500 HZ was used for baseline measures of torque, and a rate of 1000 HZ was used during the fatigue protocol.
To evaluate baseline isometric strength, each participant performed 3-5 maximal voluntary isometric contractions, with the knee fixed at 105 of flexion. Participants were instructed to contract "as fast and hard as possible." Each contraction lasted 3-4 s, and at least 1 min of rest was provided between trials. Baseline isometric torque was defined as the peak torque (Nm) obtained from these contractions. To elicit a maximal effort from all participants, strong verbal encouragement and visual torque feedback were provided.
After the isometric measures were obtained, participants completed a series of 3 maximal voluntary dynamic contractions through a 60 range of motion to establish baseline torque-generating capacity. Extension velocity was limited to 120 /s. This velocity was selected because, while rapid, it is attainable by both younger and older participants. 1, 12 Because the dynamometer's isovelocity mode was used, torque thus approximates power in this study. Contractions were cued verbally every 3 s, and peak torque (Nm) was defined as the highest torque obtained from the 3 contractions. Sets of 3 contractions were recorded to account for the increase in torque that is often observed with repeated dynamic contractions. 26 To evaluate the potential impact of body size on baseline torque-producing capacity, peak torque also was normalized to body mass (Nm/kg).
One of our goals was to quantify the coupled effect of baseline weakness and the development of fatigue on the absolute torque output of our study groups. The rationale for this goal is the working hypothesis that, when muscle fatigue develops in individuals with baseline weakness, the potential impact on their mobility function would be far greater than fatigue in stronger individuals. The summed torque variable (RNm), which reflects both strength and fatigue, was used as an overall measure of torque-producing capacity during the 4-min fatigue protocol (described below). Summed torque (RNm) was calculated for each participant by summing the peak torques for each contraction during the fatigue task. Finally, to allow comparison of torque production at fatigue with torque values reported for activities of daily living, 16, 17 peak torque during the final contraction of the fatigue protocol was determined and expressed in absolute terms (Nm) as well as relative to body mass (Nm/kg).
Fatigue Measures. After baseline testing, participants began a 4-min fatigue protocol consisting of 1 maximal dynamic contraction every 2 s. Knee extension velocity was limited to 120 /s, and knee flexion was passive. Fatigue was quantified as: 100 Á (average of final 5 contractions) / (average of peak dynamic torque at baseline and peak torque achieved during the fatigue protocol), as described previously. 24 This approach accounted for the tendency of individuals to achieve the highest torque 2-3 contractions into the protocol. After the 4-min protocol, the recovery of torque was evaluated with a series of 3 maximal dynamic contractions obtained at 2, 5, and 10 min of recovery.
Torque Variability Measures. The pattern of torque production during the fatigue protocol was generally sigmoid (Fig. 1, top) . Thus, a 4-parameter, non-linear regression model was fit to each participant's relative torque data to evaluate the variability of performance during the fatigue protocol. For each individual, the model was fit to all contractions from 5 to 240 s; the first 2 contractions were excluded to eliminate the tendency for peak torque to increase during the first few contractions of the protocol in this type of protocol. The model used a 4-parameter logistic of the form:
where Y 5 predicted torque (% baseline); As initial and As end are the asymptotes of torque at the beginning and end of the fatigue task, respectively; t mid is the time at which predicted fatigue is midway between As initial and As end ; and slope is the slope of the curve at t 5 t mid . Performance variability was assessed using squared residuals from the model, where the residual at each time-point is the difference between peak relative torque and the value predicted by the model at the same time-point. This normalized performance variability was expressed as percent MVC squared and quantified for each individual as the average of the squared residuals within each 30-s epoch (or 25 s in the case of the first epoch), as well as for overall variability during the fatigue protocol (5-240s). FIGURE 1. Mean 6 SE torque (% of baseline) for each group during the fatigue protocol (top) and recovery period (bottom). As expected, no differences in fatigue were observed between young and healthy older women. Contrary to our hypothesis, however, older impaired women did not differ in fatigue compared with the young and healthy older groups. There were no differences between groups in the recovery of torque. Y, young group; O, healthy older group; OI, older impaired group.
Statistical Analyses. A 1-way analysis of variance was used to evaluate descriptive characteristics (age, height, body mass, physical function), baseline torque, and fatigue among the 3 study groups. A 1-way (group) repeated-measures analysis of variance was used to evaluate torque recovery following the fatigue task. The Tukey post hoc analysis was conducted where differences were detected. This same method was used to compare the coefficients resulting from the 4-parameter logistic fits, described above, among the 3 groups.
Two-factor (group, time) repeated measures analysis of variance (ANOVA) was used to compare performance variability in 30-s bins throughout the protocol. A weighted, 1-factor ANOVA (group) with post hoc comparisons using Bonferroni correction was applied to evaluate pairwise differences in overall variability across groups. The weighting accounted for the fact that, across groups, there were some differences in within-group variance for the overall variability measure. Linear regression analysis was used to explore associations between the measure of fatigue (% baseline) and endexercise torque determined from the 4-parameter fit (As end ), as well as between baseline power and both fatigue and torque variability. Data are presented as mean and standard error (SE), and significance was established when P 0.05.
RESULTS
Group characteristics are summarized in Table  1 . All groups were different from one another in age. There were no differences in body mass across groups, although the older impaired group was shorter than both the young and healthy older groups. Measures of physical function are summarized in Table 2 . The older impaired women were slower than both the young and healthy older groups in all measures of physical function. The healthy older group was slower than the young group only for stair descent time.
Muscle Torque and Fatigue. At baseline, the young group had greater isometric torque than both older groups (144.4 6 9.2, 112.3 6 6.6, and 95.6 6 8.0 Nm, respectively; P < 0.01). Likewise, dynamic torque was higher in young than both older groups, with no difference between the healthy and older impaired groups (Table 3 ). The differences in dynamic torque at baseline persisted after normalizing to body mass (Table 3) .
Fatigue was not different between groups (Table 3 and Fig. 1, top) , and all groups recovered from fatigue similarly in the 10 min after conclusion of the contraction protocol (Fig. 1, bottom) . In contrast, there were marked differences in absolute torque-generating capacity across the groups in response to the fatiguing contractions. Summed torque (RNm) was higher in the young group than either older group, and it was higher in healthy older compared with older impaired women ( Fig.  2 and Table 3 ). Peak torques produced at the conclusion of the fatiguing bout (both Nm and Nm/ kg) were lower in both older groups compared with the young group ( Table 3 ). The lack of association between baseline power and fatigue (r 5 0.024, P 5 0.91, n 5 24) supports the concept that weakness and fatigue are physiologically independent variables.
Torque Variability. During the contraction protocol, torque fell in a sigmoidal manner for all groups (Fig. 1, top) . Nonlinear regression fits of data from representative young, healthy older, and older impaired women are shown in Figure 3 . The mean coefficient data are listed in Table 4 . The fits reveal that torque produced at the onset of the contraction protocol (As initial ) was lower in the older impaired group than in the young and healthy older groups ( Table 4) . As with the traditional measure of fatigue (Table 3) , As end was not different between groups (Table 4) , and regression analysis revealed a significant association between As end and fatigue (r 5 0.96, P < 0.01).
There was a main effect of group for torque variability assessed for the duration of the fatigue protocol (Table 4) , and post hoc analysis revealed that variability during the 4-min protocol was higher in the older impaired group than in the young group. Repeated-measures analysis, using the data from all epochs, suggested trends for a main effect of time (P 5 0.079) and a group-bytime interaction (P 5 0.075) for variability during the protocol (Fig. 4) . The large SE associated with the older impaired group at the first time point (Fig. 4 ) was due to a very high value ( $9-fold higher than the group mean) in 1 individual. Repeated-measures ANOVA with data from this individual excluded substantially reduced the main effect of time (P 5 0.42) and had a more limited impact on significance for the group-by-time interaction (P 5 0.12). Likewise, if the first time-point for all groups was eliminated from the repeated measures analysis, the group effect remains significant (P 5 0.026), but time (P 5 0.481) and the group-by-time interaction (P 5 0.159) do not. There is no particular explanation for the convergence of all groups at 150-180 s. Baseline muscle power was associated with torque variability (r 5 20.57, n 5 24, P 5 0.005). The fit coefficients t mid and slope did not differ between groups (data not shown).
DISCUSSION
The aim of this study was to quantify knee extensor muscle torque production, fatigue, and variability during repeated maximal contractions in young, healthy older, and older mobility-impaired women. In agreement with our first hypothesis, healthy and impaired older women were weaker than young women both in absolute terms and when peak torque was normalized to body mass. Further, this baseline weakness was evident in the markedly lower summed torque (RNm) of the older women compared with the young women during the fatigue protocol-a result that was even more apparent in the impaired group. In contrast to our second hypothesis, there were no differences in fatigue between the groups, indicating that fatigue during dynamic contractions at a moderate FIGURE 2. Summed torque. The sum of peak torques (RNm) for all contractions during the fatigue protocol showed a progressive reduction for both older groups, such that young-> healthy older > older impaired (P < 0.001). Individual values are given for each study group; bars indicate group means.
velocity was not excessive in these older women. Finally, our third hypothesis was supported in that there were differences in torque variability between groups during the fatigue task, and post hoc analysis indicated greater variability in the older impaired group compared with the young group. This combination of deficits in voluntary torque production may have significant implications for functional performance in this population.
Muscle Torque Production and Fatigue. Consistent with our first hypothesis, the maximal capacity to produce dynamic torque, corresponding to power production under our conditions, was significantly lower in the older groups (Table 3) . This was the case both for baseline torque production and the summed torque calculated for the contraction protocol (Fig. 2) . Further, these differences by age remained even after the data were adjusted for body mass. A number of investigators have suggested a minimum threshold for torque production ( $1.0-1.5 Nm/kg per leg) necessary to accomplish tasks such as walking up stairs or rising from a chair. 16, 17, 27 At baseline, torque production in our older groups was near or below this threshold. For our measures of physical function, the healthy older women were slower than young women only in stair descent time (Table 2) , consistent with reports that older adults are closer to their maximal strength during stair descent compared with stair ascent or chair rise tasks. 17 The mobility-impaired older women, on the other hand, were slower in all measures of physical function. These results illustrate the importance of understanding the relationship between knee extensor weakness and physical function in aging.
Reeves et al. 28 demonstrated that older adults employ alternative strategies relative to young in order to operate within their maximal capacity while ascending stairs. In their study, older adults used $90% of their maximal joint moments to climb stairs. Kinematic analysis of this task showed that the older adults changed their movement pattern to allow greater translocation of energy from the knee to the ankle, thus distributing the demand of stair ascent across 2 joints. 28 However, despite this and other compensatory biomechanical strategies, 29 the functional reserve of older adults is limited 17, 30 and may have dramatic effects on the development of physical dysfunction. Our results suggest that the additional stress placed on this functional reserve by fatiguing activities may further burden the neuromuscular system and elevate the risks for falling or other mobility problems in this population.
Until relatively recently, the literature regarding muscle fatigue and aging largely has focused on the use of isometric contractions in healthy older men and women. 11 Our study extends previous work to include groups of healthy and mobilityimpaired older women and to evaluate dynamic torque (i.e., power) during and after a task of repeated, maximal dynamic contractions. In contrast to our second hypothesis, there were no differences between groups in fatigue during the dynamic knee extension task ( Fig. 1 and Table 3 ). Table 4 for results.
Likewise, recovery of torque after fatigue was not different between groups. Although the angular velocity used in this study (120 /s) was somewhat higher than that identified from individual torque-velocity curves as "intermediate" (104 /s in young adults and 78 /s in older adults), we found a result similar to that reported in an earlier study. 12 Specifically, fatigue did not differ between young and older women, even those with mobility impairments, during repeated knee extensions. These results are consistent with other studies of fatigue in aging, 11, 31 and reinforce the concept that age-related impairments in the ability to resist fatigue are not evident at low and moderate contraction intensities.
A key finding was the importance of potential interactions between weakness and fatigue in older adults, which are physiologically distinct characteristics of muscle function. Coupled with their baseline weakness, the fatigue induced by the contraction protocol resulted in mean knee extensor torques per body mass of 0.44 Nm/kg per leg in the older women (Table 3) . In a population where peak torque and contractile velocity are low, 12, 13, 32, 33 working at or near maximal could leave these individuals at risk for additional functional impairment or even task failure. Support for this possibility is given by the summed torque measure (RNm), which illustrates the impact of repeated contractions on the capacity to produce torque in the older women ( Fig. 2 and Table 3 ). The summed torque measure thus captures the functional impact of both weakness and fatigue development. These results provide additional evidence and illustrate the profound consequences of low knee extensor power in older women, including healthy older women without signs of mobility impairment and minimal changes in physical function (Table 2) . Overall, the data suggest that there is little room for fatigue if adequate physical function is to be achieved by older women throughout the day.
Variability of Torque Production. This study was designed to investigate not only the torque production and fatigue of young and older women during a dynamic knee extension task, but to examine the fidelity with which the task was completed. The use of a novel, 4-parameter logistic regression analysis revealed a main effect of group on overall torque variability (Table 4) . Specifically, torque variability was higher in the older impaired group than in the young group, thus providing some support for our third hypothesis. The healthy older women fell between the young and impaired older groups in terms of variability.
The planned analyses revealed trends for an effect of time and a group-by-time interaction for variability, which could suggest that variability was influenced by fatigue, particularly in the older impaired group. However, this possibility seems tenuous, given that force continued to fall after the first time period, whereas, for the most part, variability leveled out. Low enthusiasm for this interpretation is also supported by the abolishment of the trends for effects of time and group-by-time interactions when the first time period was (Table 4) , and the older impaired group had higher variability than the young group (P 5 0.010). There were trends for an effect of time (P 5 0.079) and a time-by-group interaction (P 5 0.075; see Discussion). Data are in 30-s bins, with the exception of the first time-point, which is a 25-s bin. Error bars are SE.
eliminated from the analyses. Rather, the high variability in the older impaired group during the initial part of the protocol, which was largely attributable to the extremely high variability of 1 individual, seems likely to have been due to an adjustment to the task early in the protocol. It may be that the typical adjustments made at the onset of such a task 26 are in some way more difficult for older adults with impairments. This possibility remains to be tested.
The existence and significance of potential interactions between the development of fatigue and changes in variability during maximal voluntary contractions such as those used here is not clear. When assessed over the duration of the fatigue protocol, variability of peak torque production was higher in the impaired older group (Table 4) , revealing a notable age-related deficit in neuromuscular function. Further, our data indicate that performance variability during maximal contractions is most evident in those already experiencing mobility impairment. This interpretation is consistent with the observation of a negative association between baseline power and torque variability, which suggests that weaker individuals have greater performance variability. Thus, it appears that muscle weakness may place older adults at risk not only in tasks that require significant power production, but also for tasks that require consistent performance at relatively high intensities.
The effect of age on the variability of torque production, or rather the extent to which torque varies about a submaximal target value, has been studied extensively. 20, [34] [35] [36] These studies suggest that older adults have greater variability while attempting to produce consistent, submaximal isometric torques 18, 34, 36 or maintain consistent torque trajectories during dynamic contraction tasks. 20, 35 Other investigators have identified age-related limitations in attaining "target" torque during repeated voluntary contractions. 34 In these studies, torque or force variability is typically calculated as the coefficient of variation or standard deviation about the mean, submaximal force. To our knowledge, the variability of peak torque production has not been examined during a maximal dynamic contraction task to fatigue. For this purpose, we developed a new method for calculating torque variability that can be used under conditions in which torque is changing. The results from this analysis suggest that poor consistency of performance in older adults may be a problem, particularly given the potential impact of performance variability on mobility function in the context of increased relative effort during activities of daily living. 17, 37 A useful feature of our 4-parameter fit was the calculation of torque variability for each individual that was based on each contraction's distance on the yaxis from the line-fit of the total data set, with "Y" expressed as torque relative to MVC. This approach allows a focus on variability in the face of changes in maximal torque due to fatigue. This characteristic is particularly useful for fatigue protocols that use maximal contractions, as the loss of torque generally becomes evident early in these protocols. Thus, we can begin to disentangle fatigue from performance variability.
In addition to increased variability of torque production, the older impaired group had a difficult time achieving peak baseline torque from the beginning of the task (As initial ; Table 4 ). It is possible that this group elected to "pace" their effort at the outset of the task in order to assure its completion. However, full voluntary activation of the muscle was encouraged in this study with verbal and visual feedback during the protocol. Further, any pacing that might have occurred could be expected to decrease the variability of torque production, but this group instead exhibited increased torque variability at this point in the task (Table  4) . It is notable that, despite not achieving peak baseline torque at the onset of the protocol, fatigue in the impaired group was similar in magnitude to that of the other groups (Table 3) . Likewise, the lack of difference between groups in As end (Table 4) , modeled using all of each subject's peak torques, is consistent with the lack of difference in fatigue observed between groups. Given these results, it is tempting to speculate that fatigue might have been greater in the older impaired group had they managed to hit target torques from the beginning of the protocol. Overall, the difference in performance by the older impaired group in terms of attaining and maintaining target torque at the onset of dynamic contractions provides insight as to their level of dysfunction even prior to the onset of fatigue. Finally, the strong association between observed fatigue and that predicted by the 4-parameter fit (r 2 5 0.93) lends support for the use of this model for these data.
An intent of this study was to advance our understanding of the link between laboratorybased studies of fatigue, which quantify the relative fall in torque, and "real-world" situations that require some minimum level of absolute torque output. As a first approximation, we have: (1) evaluated fatigue and physical function in 3 groups with differing torque-generating capacity; and (2) compared our torque data at fatigue with torque or power values for stair climbing and chair rising drawn from the literature. Certainly, more work needs to be done in this area, but these results provide additional rationale for this need, as well as evidence to suggest that both the capacity to produce power and power variability should be considered in future studies.
In conclusion, although fatigue during maximal dynamic contractions did not differ by age, older women exhibited lower torque-producing capacity (i.e., power) and greater torque production variability than young women. These results provide support for the concept that, although excess muscular fatigue may not occur in older adults under conditions such as these, the addition of fatigue to baseline muscle weakness may lead to power output that is lower than the minimum necessary to achieve some mobility tasks, thus imposing or exacerbating functional limitations in the real-world setting for this population. Finally, the combination of increased torque production variability and lower capacity for absolute torque output during repeated contractions likely has profound implications for fall risk and mobility impairment in older adults.
